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Abstract: Carbon nanofibers consisting of Poly(acrylonitrile) (PAN) and enzymatic hydrolysis lignin
(EHL) were prepared in the present study by electrospinning followed by stabilization in air and
carbonization in N2 environment. The morphology and structure of the electrospun carbon nanofibers
were characterized by Scanning Electron Microscopy (SEM), Brunauer-Emmett-Teller (BET), Roman,
and the electrochemical performances were then evaluated by cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS)methods. When the
amount of EHL was 60 wt. %, the as-prepared nanofibers have the smallest average diameter of
172 nm and the largest BET specific surface area of 675 m2/g without activating treatment. The carbon
nanofiber electrode showed excellent specific capacitance of 216.8 F/g at the current density of 1 A/g,
maintaining 88.8% capacitance retention after 2000 cycles. Moreover, the carbon nanofiber electrode
containing 60 wt. % exhibited a smaller time constant (0.5 s) in comparison to that of carbon nanofibers
in literatures. These findings suggest the potential use of EHL could be a practical as a sustainable
alternative for PAN in carbon electrode manufacturing.
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1. Introduction

With increasingly scarce of fossil fuels, the development of new sustainable energy storage device
is necessary, such as Li-ion batteries, fuel cells, solar cells, and supercapacitors. Amongst these energy
storage devices, the supercapacitors have attracted extensive attention due to large capacity, ultrahigh
power density, exceptional cycle life, a wide range of operating temperatures, etc. [1,2], and hold
great potential for a wide range of applications, such as hybrid electric vehicles and electronic devices.
In general, the supercapacitors can be classified into electrochemical double-layer capacitors (EDLCs)
and pseudocapacitors [3,4] according to their energy storage mechanism. Specifically, the energy
storage of EDLCs is based on charge accumulation at the double-layer interfaces between electrolyte
and electrode [5]. Therefore, the specific capacitance of an electrode is greatly affected by its specific
surface area and pore structure [6]. While the energy storage of pseudocapacitors is based on the fast
and reversible redox reaction at the surface of electrodes.

The electrode material is the most important factor for supercapacitors, which govern the
electrochemical performance such as specific capacitance of supercapacitors. Generally, the electrode
materials of supercapacitors are of three types, which are carbon-based materials [7,8], conducting
polymers [9–11], and transition metal oxides [12–14]. Among these three types of electrode materials,
carbon-based materials are the most widely used for electrode manufacturing. Various carbon-based
electrode materials have been made and evaluated for the production of electrical EDLCs such as
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activated carbons, carbon nanotubes [15], carbon aerogels [16], graphene sheets [17,18], and carbon
nanofibers [19]. Among these electrode materials, activated carbon electrodes are the most commonly
used because of cost-effectiveness and high cycling durability [20].

Recently, the electrospun carbon nanofibers have been reported as ideal materials for fabrication
of binder-free electrodes with excellent performance [21,22]. Electrospinning is a well-known fiber
production technique that could fabricate continuous nanofibers with uniform diameters in the
sub-micrometer to few nanometers and large surface area. After stabilization and carbonization,
the as-spun nanofibers can be converted to carbon nanofibers. Polyacrylonitrile (PAN) is the most
common-used polymer precursor for preparation of carbon nanofibers through electrospinning and
thereafter stabilization and carbonization processes. Despite the carbon nanofibers from PAN have
superior properties such as high mechanical strength and surface area, the use of petroleum-based
PAN can be problematic due to the depletion of fossil fuel resources. Moreover, the high cost of PAN
restrains its large scale applications. Therefore, there is an increasing globe interest for developing and
utilizing renewable and inexpensive resources for carbon nanofiber fabrication

Lignin, the second most abundant biopolymer on Earth, is available in large quantities from
wood-pulping industries [23,24]. The commercially available lignins from wood-pulping include kraft
lignin and lignosulfonates have been insensitively studied for the preparation of activated carbon,
carbon-based nanomaterials, resins, and polymers [25]. In recent years, enzymatic hydrolysis lignin
(EHL), which is a new type of lignin extracted from biomass enzymatic hydrolysis process during
bio-ethanol production, has drawn a strong global interest both in academia and industry due to
the growing number of bio-ethanol industries and increasing output of EHL. EHL is mainly treated
as a waste and is usually burned onsite for heat and power regeneration. This results in enormous
environment pollutions and the waste of the lignin resource [26]. Since EHL is a kind of polyaromatic
macromolecule with a carbon content of 55–66%, it can be potentially used as an alternative of PAN
for the production of carbon nanofibers. Hence, to the best of our knowledge, there is no research
to fabricate carbon nanofibers used EHL as a precursor.In the present study, we evaluated the use
of EHL as a polymer blend for the preparation of carbon nanofibers through an electrospinning
technique and followed by stabilization and carbonization. An electrode was fabricated by the
carbon nanofibers. Additionally, we applied a simple electrode preparation method for supercapacitor
application. Specifically, in a transitional electrode preparation process, the carbon materials are usually
ground to fine powders followed by glue the powders onto nickel foams to produce an electrode.
In our simple electrode preparation process, the lignin-based electrospun CNFs (which is actually
a membrane) is directly cut and crushed into a sheet as an electrode in Figure S1 (in Supplymentry
Materials). The morphological and structural properties ECNF membranes were characterized by
scanning electron microscopy (SEM), Raman spectra, X-ray photoelectron spectroscopy (XPS), and
nitrogen sorption measurements, respectively. The electrochemical performances of carbon nanofiber
membranes were further studied by cyclic voltammetry (CV), galvanostatic charge/discharge, and
electrochemical impedance spectroscopy (EIS).

2. Materials and Methods

2.1. Materials

The EHL powder was purchased from LongLive Inc. (Shandong province, Jinan, China).
Poly(acrylonitrile) (PAN) (Mw~150,000) was purchased from Sigma-Aldrich Inc., St. Louis, MO, USA.
N,N-dimethylformamide (DMF) was purchased from Nanjing Chemical Reagent Inc, Nanjing, China.
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2.2. Experimental

2.2.1. Preparation of ECNFs

The spin dopes with PAN/EHL mass ratios of 100/0, 60/40, 40/60, and 30/70 were prepared
in DMF with the concentration of solutions was 12%. Specifically, the PAN was first dispersed in an
appropriate amount of DMF, followed by the addition of corresponding amounts of EHL into the
solutions at 80 ◦C under constant stirring to avoid agglomeration of the lignin particles. Figure 1
shows the as-prepared homogeneous PAN/EHL solution for electrospinning.
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Figure 1. Homogeneous PAN/EHL composite solution.

The composite solutions were then loaded into a 5-mL plastic, disposable syringe with a 22-gauge
needle. The needle was connected to the positive terminal of a voltage generator. An operating voltage
of 25 kV and a flow rate of 4.8 mL/h were applied in electrospinning experiments. An aluminum plate
of 15 cm diameter covered with a thin aluminum foil, which was connected to the negative electrode
of power supply used as a collector. The working distance was adjusted to 25 cm. Electrospinning was
performed at room temperature and at a relative humidity between 30% and 40%. After dried under
vacuum at 60 ◦C for 24 h, the collected electrospun fibers were obtained and kept in a desiccator.

To convert lignin/PAN composite nanofibers to carbon nanofibers, stabilization, and
carbonization are required. For carbonization, the composite nanofibers were treated at 250 ◦C
for 90 min under an air atmosphere at a heating rate of 1 ◦C/min. After thermal stabilization, the
samples were subsequently placed into a tube furnace with a flow of N2 and carbonized at 800 ◦C
for 60 min at a heating rate of 10 ◦C/min. The fabricated carbon nanofiber membranes were denoted
as ECNFs-0, ECNFs-4, ECNFs-6, ECNFs-7 according to the amount of lignin. The flow diagram of
lignin-based carbon nanofibers synthesis process is illustrated in Scheme 1.
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2.2.2. Characterization of Lignin-Based Carbon Nanofibers

The morphology of nanofibers was examined using a field emission scanning electron microscope
(FE-SEM, JSM-7600F, Tokyo, Japan) operating at 30 kV. A patch of the samples was fixed on carbon
tape and the sputtered with Au/Pd. The average fiber diameter of each sample was determined by
measuring diameters of 50 randomly selected nanofibers in the corresponding FE-SEM image using
the ImageJ software (Bethesda, MD, USA). Nitrogen adsorption measurement was performed at 77 K
on a micrometric ASAP 2420 analyzer (Norcross, GA, USA). The specific surface area (SSA) of the
samples was calculated by the Brunauer-Emmett-Teller (BET) method. The pore size distribution (PSD)
was summarized by density functional theory (NLDFT) model. X-ray photoelectron spectroscopy
(XPS) spectra were collected on an AXIS ULTRA spectrometer (Kratos Analytical, Tokyo, Japan)
using a monochromatized Al-Kα X-ray source. Raman spectra were measured on a DXR532 Raman
spectrometer (Themor, Waltham, MA, USA) with an excitation wavelength of 532 nm.

2.2.3. Electrochemical Measurements

A three-electrode system was assembled to characteristic the electrochemical performance of
the ECNFs by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS) on a Gamary Reference 3000 electrochemical workstation (Warminster,
PA, USA) with 6.0 M KOH as the aqueous electrolyte. The actual 3-electrode setup was showed
in Figure S2. In general, organic or polymeric materials are required as binder for preparing
activated carbons based electorde; whereas binders would have negative effects on the performance of
electrode [27]. So the carbon nanofibers were cut into a square with the surface area of 1 × 1 cm2. Then
the electrode sheet was pressed onto nickel foam with a pressure of 20 MPa to ensure a good contact.

3. Results and Discussion

3.1. Morphology

Due to lack of chain structures or molecular entanglements, an aqueous mixture containing
lignin alone could not be electrospun into nanofibers [27]. However, with the combination of PAN,
uniform lignin-based carbon nanofibers can be readily obtained. Figure 2 shows the SEM images
of as-synthesized lignin-based nanofibers with different EHL contents. The diameter distributions
of the carbon nanofibers were also shown in the inserted images in Figure 2. SEM results revealed
that the diameter of nanofibers was strongly influenced by the EHL content in the spinning solution.
The average diameter of carbon nanofibers decreased from 421 to 172 nm with the increased of the EHL
amount from 0 to 60 wt. % (Figure 2a–c). Further increased in the EHL content to 70 wt. % resulted in
a dramatic change in nanofiber morphology, where the diameter of nanofiber became heterogeneous
and nanofiber skeleton was filled with abundant beads (Figure 2d). This morphology changes could
be attributed to the decreased viscosity of the spin dope when PAN was gradually replaced by
low molecular weight EHL [27]. The low molecular of lignin could not form the effective chain
entanglements in the dilute electrospinning solution jets, as a result, as-spun nanofibers tend to break or
have heterogeneous diameters when the stretch force is applied on the jets during electrospinning [28].
Moreover, the viscoelasticity of electrospinning jets, which facilitates the shrinkage of as-spun fibers
and led to the formation of bead nanofibers [29].
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Figure 2. SEM images of different ECNF membranes: (a) ECNFs-0; (b) ECNFs-4; (c) ECNFs-6; and
(d) ECNFs-7.

3.2. Chemical Properties and Pore Structure

To further determine the structure of the ECNFs, the BET specific surface area and pore size
distribution (PSD) were tested using N2 adsorption-desorption and the results shown in Figure 3.
It could be seen from Figure 3a that all ECNFs display significantly enhanced N2 uptake and obvious
capillary condensation at relative pressure (P/P0) below 0.1, which was due to the existence of
abundant micropores between nanofibers which lead to type I adsorption of N2. The pore size
distribution (PSD) was shown in Figure 2b. As could be seen, all the samples have PSD peaks between
0.2–2 nm (Table 1), indicating the formation of micropores during the carbonization. The specific
surface area and pore size distribution are two critical factors for the electrochemical performance of
carbon nanofibers when used as a supercapacitor. The ideal carbon electrodes are required to have
a high surface area and an appropriate pore size distribution. The macropores provide high buffer
volume for electrolyte ions, the mesopores acting as channels for the fast transportation of ions, and
the micropores can enhance the ion-accessible surface area for the construction of electrical double
layer. Table 1 summarized the pore structure parameters of ECNFs. As the increase of lignin content
in nanofibers from 0 to 60%, the BET surface area was increased from 578 to 675 m2/g, while the
pore volumes for both micro- and mesopores was not changed much. It is worth to note that the
of such a high surface area ECNFs prepared without an activation process have been not reported
before. When ions get through macropores, ions could enter into micropores quickly due to deficient
mesopores. These microspores could provide ECNFs with fast ion transport channels and large
accessible surface area for the construction of electrical double layer. The ECNFs could take full
advantage of the microspores to generate outstanding electrochemical performances.
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Table 1. Pore structure parameters of ECNFs.

Samples SBET/m2/g Smicro/m2/g Vmicro/cm3/g Vmeso/cm3/g Vtotal/cm3/g

ECNFs-0 578 523 0.21 0.04 0.25
ECNFs-4 635 589 0.24 0.02 0.26
ECNFs-6 675 607 0.24 0.05 0.29
ECNFs-7 631 571 0.23 0.04 0.27

SBET, specific surface area; Smicro, specific surface area of micropores; Vmicro, the micropores volume; Vmeso, the
mesopores volume; Vtotal, the total pore volume.

Figure 4 shows the Raman spectra of ECNFs. Two peaks located at 1340 and 1593 cm−1 in Raman
spectra can be attributed to the D and G bands of carbon. D band was related to the disordered
sp3 carbon atoms, whereas G band at 1593 cm−1 corresponded to sp2-hybridized carbon atoms in
the graphitic layers [30]. The D band can be further resolved into three pseudo-Voigt shaped peaks
centered at 1170, 1340, and 1500, attributed to D4, D1, and D3. The D3 is related to amorphous
carbon [31,32]. The D4 band was related to ions impurities, i.e., lignin ash and interstitial defects [33].
The ratio of intensities D1 and G (ID1/IG) represents the degree of structural disorder of carbon
materials. The ID1/IG ratios of ECNFs were calculated to be 0.87, 0.94, 0.93, and 0.93, respectively.
Compared with reference carbon fibers (ECNFs-0), lignin-based ECNFs have higher ID1/IG values
suggested their higher degree of structural disorder. This is because the introduction of lignin into
PAN generated many structural defects in ECNFs, as a result, increased the surface area and total pore
volume of ECNFs. Moreover, lignin is a kind of heterogeneous macromolecular compound that has
complex thermal decomposition behavior [34]. Thereby, carbonization of lignin would form a more
disordered carbon structure than that of PAN. In addition, Raman spectroscopy only gives the surface
structure at ~10 nm depth, it is possible that the interfacial region between lignin-derived carbon and
PAN carbon nanofibers could be slightly more graphitic [35].
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The above characterization results suggested that ECNFs-6 has the smallest average fiber
diameters and largest surface and pore volumes among all as-prepared lignin-based ECNFs. Thus, the
ECNFs-6 was selected for further characterization using XPS. The XPS spectra of ECNFs-0 and ECNFs-6
show similar patterns, both contained high C 1s (285 eV), faint O 1s (532 eV), and N 1s (400 eV) peaks.
In comparison with ECNFs-0, ECNFs-6 contained more carbon but less nitrogen and oxygen (Table 2),
this can be attributed to the substitution of PAN to nitrogen free lignin compound. The C 1s peak can
be deconvoluted to four individual peaks at approximately 284.8, 285.7, 286.5, and 290 eV (Figure 5b),
which can be attributed to sp2 C=C, sp3 C–C, C–O, and O–C=O bands, respectively [36]. Therefore,
there are some oxygen-contained functional groups in the carbonization procedure. Moreover, the N
1s peaks can be deconvoluted to two peaks located at binding energy of 398.9 and 401.2 eV (Figure 5c),
which were attributed to pyridinic-N and quaternary-N, respectively [37]. According to reports, the
introduction of the N could lead to great pseudocapacitance effect, improving the capacitance perform
as a result [38]. Figure 3d shows the deconvoluted peaks of O 1s, which were corresponded to quinone
groups or keto oxygen (O-I, 531.5 eV), ether groups or phenol groups (O-II, 532.9 eV), and water
or carboxylic groups (O-III, 534.5 eV) [39]. These oxygen-related (especially O-I) functional groups
along with nitrogen functional groups could provide extra pseudocapacitance to improve the specific
capacitance [40].

Table 2. The element compositions of ECNFs-0 and ECNFs-6 from XPS analysis.

Samples C% N% O%

ECNFs-0 86.57 10.04 3.4
ECNFs-6 91.02 5.69 3.29
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3.3. Electrochemical Performance

The CV curves of the ECNFs electrodes were performed with the potential range of −1 to 0 V
at the scan rate of 100 mV/s in 6 M KOH aqueous electrolyte, and the CV curves are shown in
Figure 6a. The shape of the CV curves of ECNF electrodes can be classified to the quasi-rectangular
type, suggesting typical double capacitor behavior [41]. Generally, the specific capacitance of an
electrode is proportion to the integrated area of its CV profile under the same scan rate and voltage
window [42]. The capacitance was calculated from CV curves according to the following equation:

CCV =
1

vm∆u

∫
idu, (1)

where i is the response current, v is the potential scan rate, u is the potential window, m is the mass of
active materials on the single electrode.

The calculation results suggest that the capacitances of the EVNFs electrodes with different lignin
content are as follows: ECNFs-6 (305.7 F/g) > ECNFs-4 (278.3 F/g) > ECNFs-0 (183.1 F/g) > ECNFs-7
(151.7 F/g). Generally, lignin-based ECNFs containing 40-60% of lignin greatly increased the electrode
capacitance by 67% and 52% for ECNFs-6 and ECNFs-4, respectively. This enhancement is attributed
to lignin-based ECNFs have higher surface areas and pore volumes. Among the samples, the ECNFs-6
shows the highest specific capacitance due to its highest specific surface area. In addition, these
curves also exhibit broadened peaks at −0.8 to −0.2 V, suggesting the pseudo-capacitance caused
by the surface oxygen-containing groups [40], which were consistent with XPS data. However, the
ECNFs-7 displayed the lower electrode capacitances in spite of it has a higher SSA than that of
ECNFs-0. This phenomenon may be attributed to the higher amount micropores in ECNFs-7 are
actually not accessible for K+ and/or OH− during the charge/discharge process although those
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micropores did contribute to a high SSA. In addition, ECNFs-7 was mainly consisted of heterogeneous
bead fibers which hindered the diffusion of ions during charging/discharge process. The CV curves of
ECNFs-6 at different scan rates (20, 50, 80, and 100 mV/s) were further studied shown in Figure 6b.
With the increase of scan rate, the CV curves still keep the quasi-rectangular shape, indicating a
reversible and stable supercapacitor behavior. When scan rate increased from 20 to 100 mV/s, the
capacitance retention of ECNFs-6 was from 321.1to 305.7 F/g (Figure 4c), prior to that of other porous
carbons [43,44], exhibiting a good rate performance.Polymers 2018, 10, x FOR PEER REVIEW  9 of 14 
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It has been reported that the charge storage mechanism can be evaluated by the
following equation:

i = avb (2)

where i is the peak current (mA); v is the scan rate (mV/s); a and b are coefficients. The value b can be
used to evaluate the charge storage whether it caused by capacitive behavior or diffusion-controlled
processes, in which the b = 0.5 indicates a semi-infinite diffusion-controlled process, while b = 1
represents a capacitive behavior. The ECNFs-6 was selected in this study to reveal the charge storage
mechanism of lignin-based ECNFs. The discharge current densities at −0.5 V were extracted from
the CV curves and plotted the log (discharge current density (A/g)) vs. log (scan rate (mV/s)) in
Figure 4d. By fitting the plot, the coefficient b = 1.01 was obtained. The result suggests that energy
storage in the ECNFs-6 device was achieved by fast and reversible electrostatic ion adsorption at the
electrode/electrolyte interface [45], and indicates that a surface-controlled capacitive electrode process
dominates the ECNFs-6 nanochannels electrode [46].
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GCD tests were also measured to reveal the electrochemical properties of the ECNF electrodes,
with the results shown in Figure 7a. These curves showed regular triangular shapes between −1
to 0 V, indicating outstanding coulombic efficiency and reversibility [41], which confirms that the
double-layer capacitance dominates the total capacitances [40]. Furthermore, the specific capacitance
was calculated from the GCD curves according to the following equation:

CGCD =
I∆t

m∆u
(3)

u, t, m, and I have the same meaning in Equation (1).
The specific gravimetric capacitance values of ECNFs-0, ECNFs-4, ECNFs-6, and ECNFs-7 were

173.5, 194.4, 216.8, and 119.5 F/g, respectively, whose tend was consist with the CV results. The GCD
curves of the ECNFs-6 electrode under different current densities (Figure 7b) kept a triangular shape,
suggesting that the electrode could be applied in the areas which fast ion transportation and high
current density are required [27]. Figure 7c shows cycling performance ECNFs-6 at a current density of
1 A/g. It could be observed that ECNFs-6 retained high cycling stability of 92% capacitance retention
1000 cycles at 1 A/g. The excellent capacitive performances of ECNFs-6 can be attributed to the
following aspects: (a) numerous macropores act as the ion reservoir and shorten the ion diffusion
distance to the interior carbon nanofiber surfaces, (b) abundant micropores could observably increase
the specific surface area which can improve the electric double-layer capacitance of electrodes, (c)
oxygen (especially O-I) and nitrogen functional groups provide extra pseudocapacitance.Polymers 2018, 10, x FOR PEER REVIEW  11 of 14 

 

 
Figure 7. (a) GCD curves at 1 A/g; (b) GCD curves of ECNFs-6 at different current density; (c) 
Cycling performance ECNFs-6 at acurrent density of 1 A/g; and (d) Nyquist plots of ECNFs-based 
electrode with the high-frequency region and equivalent circuit diagram given in the inset. 

Bode plot of the ECNFs-6 is shown in Figure 8a. The imaginary part of capacitance ECNFs-6 
goes through a maximum at a frequency f0 (1.98 Hz), which defines the relaxation time constant τ0 (= 
1/f0, the minimum time for all the energy to be discharged from the supercapacitor with an 
efficiency >50% [40]) to be 0.5s. This value was comparable with carbon nanomesh [49] and holey 
graphene foam electrode [50] (0.46 and 0.49 s), but was better than activated carbon electrode (1.2 
[51] and 2.45 [30] s). It is demonstrated that the feasibility of ECNFs-6 as a supercapacitor electrode. 

 

Figure 8. Real (C′) and imaginary (C″) parts of specific capacitance of ECNFs-6. 

  

Figure 7. (a) GCD curves at 1 A/g; (b) GCD curves of ECNFs-6 at different current density; (c) Cycling
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Figure 7d shows the Nyquist plot of the samples measured in 6 M KOH solution. In the
low-frequency region, the straight line was nearly parallel to the imaginary axis, revealing the electrical
double layer capacitive behaviors [47]. The ohmic resistance is acquired from the first intercept value
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in the real axis, which contains the resistance of the electrolyte, current collector, active material,
coin cells, separator, and the contact resistance of the current collector with the active materials [48].
The ECNFs present low ohmic values of 0.38, 0.34, 0.41, and 0.35 Ω, respectively, which corresponded
to the equivalent series resistance (Rs). High equivalent series resistance would lead to low electrical
conductivity, which would further deteriorate the performance of supercapacitor. Different diameters
of the semicircle indicated that the ion diffusion efficiency. ECNFs-7 has the maximum charge transfer
resistance due to its maximum semicirlce diameter. As a result, the capacitance of ECNFs-7 was
minimum. The rather low Rs implies a good ion conductivity and a fast electron transfer process of
the device.

Bode plot of the ECNFs-6 is shown in Figure 8a. The imaginary part of capacitance ECNFs-6 goes
through a maximum at a frequency f0 (1.98 Hz), which defines the relaxation time constant τ0 (= 1/f0,
the minimum time for all the energy to be discharged from the supercapacitor with an efficiency
>50% [40]) to be 0.5s. This value was comparable with carbon nanomesh [49] and holey graphene foam
electrode [50] (0.46 and 0.49 s), but was better than activated carbon electrode (1.2 [51] and 2.45 [30] s).
It is demonstrated that the feasibility of ECNFs-6 as a supercapacitor electrode.
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4. Conclusions

Lignin-based ECNFs were prepared by electrospinning EHL/PAN hybrid solution into precursor
nanofibers, followed by stabilization in air and carbonization in N2. The characterization results
indicated that ECNFs with as high as 60% lignin could retain homogeneous fiber morphology and high
surface area. Moreover, ECNFs were used as supercapacitor electrodes without the addition of any
binder and the electrochemical performances were studied by CV, GCDand EIS. ECNFs containing up
to 60% of lignin presented excellent performance as supercapacitors, i.e., high capacitance (up to 216.8
F/g), good cyclic life (88.8% capacitance retention after 2000 cycles), small time constant (0.5 s). It is
envisioned that the ECNFs made from EHL could be innovative and sustainable electrode materials
for high-performance supercapacitors.
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26. Sahoo, S.; Seydibeyoğlu, M.Ö.; Mohanty, A.K.; Misra, M. Characterization of industrial lignins for their
utilization in future value added applications. Biomass Bioenerg 2011, 35, 4230–4237. [CrossRef]

27. Lai, C.; Zhou, Z.; Zhang, L.; Wang, X.; Zhou, Q.; Zhao, Y.; Wang, Y.; Wu, X.-F.; Zhu, Z.; Fong, H. Free-standing
and mechanically flexible mats consisting of electrospun carbon nanofibers made from a natural product
of alkali lignin as binder-free electrodes for high-performance supercapacitors. J. Power Sources 2014, 247,
134–141. [CrossRef]

28. Li, X.; Ding, B.; Lin, J.; Yu, J.; Sun, G. Enhanced mechanical properties of superhydrophobic microfibrous
polystyrene mats via polyamide 6 nanofibers. J. Phys. Chem. 2009, 17, 5151–5156. [CrossRef]

29. Zong, X.; Kim, K.; Fang, D.; Ran, S.; Hsiao, B.S.; Chu, B. Structure and process relationship of electrospun
bioabsorbable nanofiber membranes. Polymer 2002, 32, 4403–4412. [CrossRef]

30. Cheng, P.; Gao, S.; Zang, P.; Yang, X.; Bai, Y.; Xu, H.; Liu, Z.; Lei, Z. Hierarchically porous carbon by activation
of shiitake mushroom for capacitive energy storage. Carbon 2015, 93, 315–324. [CrossRef]

31. Paris, O.; Zollfrank, C.; Zickler, G.A. Decomposition and carbonisation of wood biopolymers—A
microstructural study of softwood pyrolysis. Carbon 2005, 43, 53–66. [CrossRef]

32. Ishimaru, K.; Hata, T.; Bronsveld, P.; Nishizawa, T.; Imamura, Y. Characterization of sp2- and sp3-bonded
carbon in wood charcoal. J. Wood Sci. 2007, 53, 442–448. [CrossRef]

33. Ruiz-Rosas, R.; Bedia, J.; Lallave, M.; Loscertales, I.G.; Barrero, A.; Rodríguez-Mirasol, J.; Cordero, T.
The production of submicron diameter carbon fibers by the electrospinning of lignin. Carbon 2010, 48,
696–705. [CrossRef]

34. Kubo, S.; Kadla, J.F. Thermal decomposition study of isolated lignin using temperature modulated TGA.
J. Wood Chem. Technol. 2008, 28, 106–121. [CrossRef]

35. Kim, C.; Yang, K.S.; Kojima, M.; Yoshida, K.; Kim, Y.J.; Kim, Y.A.; Endo, M. Fabrication of
electrospinning-derived carbon nanofiber webs for the anode material of lithium-ion secondary batteries.
Adv. Funct. Mater. 2006, 16, 2393–2397. [CrossRef]

36. Li, Z.; Zhang, L.; Amirkhiz, B.S.; Tan, X.; Xu, Z.; Wang, H.; Olsen, B.C.; Holt, C.M.B.; Mitlin, D.
Carbonized Chicken Eggshell Membranes with 3D Architectures as High-Performance ELectrode Materials
for Supercapacitors. Adv. Energ. Mater. 2012, 2, 431–437. [CrossRef]

37. Yang, X.; Wu, D.; Chen, X.; Fu, R. Nitrogen-Enriched Nanocarbons with a 3-D Continuous Mesopore Structure
from Polyacrylonitrile for Supercapacitor Application. J. Phys. Chem. 2010, 114, 8581–8586. [CrossRef]

38. Tan, Y.; Xu, C.; Chen, G.; Liu, Z.; Ma, M.; Xie, Q.; Zheng, N.; Yao, S. Synthesis of Ultrathin Nitrogen-Doped
Graphitic Carbon Nanocages as Advanced Electrode Materials for Supercapacitor. ACS Appl. Mater. Int.
2013, 5, 2241–2248. [CrossRef] [PubMed]

39. Piñero, E.R. High surface area carbon nanotubes prepared by chemical activation. Carbon 2002, 40, 1597–1617.
40. Guo, N.; Li, M.; Sun, X.; Wang, F.; Yang, R. Enzymatic hydrolysis lignin derived hierarchical porous carbon

for supercapacitors in ionic liquids with high power and energy densities. Green Chem. 2017, 19, 2595–2602.
[CrossRef]

41. Zhu, D.; Wang, Y.; Lu, W.; Zhang, H.; Song, Z.; Luo, D.; Gan, L.; Liu, M.; Sun, D. A novel synthesis of
hierarchical porous carbons from interpenetrating polymer networks for high performance supercapacitor
electrodes. Carbon 2017, 111, 667–674. [CrossRef]

http://dx.doi.org/10.1016/S0378-7753(01)00707-8
http://dx.doi.org/10.1016/j.jpowsour.2011.10.128
http://dx.doi.org/10.1016/j.jpowsour.2011.10.009
http://dx.doi.org/10.3390/polym10020183
http://dx.doi.org/10.1016/j.matlet.2017.05.125
http://dx.doi.org/10.3390/ma11010139
http://www.ncbi.nlm.nih.gov/pubmed/29342979
http://dx.doi.org/10.1016/j.biombioe.2011.07.009
http://dx.doi.org/10.1016/j.jpowsour.2013.08.082
http://dx.doi.org/10.1021/jp9076933
http://dx.doi.org/10.1016/S0032-3861(02)00275-6
http://dx.doi.org/10.1016/j.carbon.2015.05.056
http://dx.doi.org/10.1016/j.carbon.2004.08.034
http://dx.doi.org/10.1007/s10086-007-0879-7
http://dx.doi.org/10.1016/j.carbon.2009.10.014
http://dx.doi.org/10.1080/02773810802124928
http://dx.doi.org/10.1002/adfm.200500911
http://dx.doi.org/10.1002/aenm.201100548
http://dx.doi.org/10.1021/jp101255d
http://dx.doi.org/10.1021/am400001g
http://www.ncbi.nlm.nih.gov/pubmed/23425031
http://dx.doi.org/10.1039/C7GC00506G
http://dx.doi.org/10.1016/j.carbon.2016.10.016


Polymers 2018, 10, 1306 14 of 14

42. Xu, B.; Wu, F.; Chen, R.; Cao, G.; Chen, S.; Yang, Y. Mesoporous activated carbon fiber as electrode material
for high-performance electrochemical double layer capacitors with ionic liquid electrolyte. J. Power Sources
2010, 195, 2118–2124. [CrossRef]

43. Yu, W.; Wang, H.; Liu, S.; Mao, N.; Liu, X.; Shi, J.; Liu, W.; Wang, X. O-codoped hierarchical porous carbons
derived from algae for high-capacity supercapacitors and battery anodes. J. Mater. Chem. A 2016, 4, 5973–5983.
[CrossRef]

44. Jiang, L.; Yan, J.; Hao, L.; Xue, R.; Sun, G.; Yi, B. High rate performance activated carbons prepared from
ginkgo shells for electrochemical supercapacitors. Carbon 2013, 56, 146–154. [CrossRef]

45. Cheng, P.; Li, T.; Yu, H.; Zhi, L.; Liu, Z.; Lei, Z. Biomass-Derived Carbon Fiber Aerogel as a Binder-Free
Electrode for High-Rate Supercapacitors. J. Phys. Chem. C 2016, 120, 2079–2086. [CrossRef]

46. Cui, H.; Zhu, G.; Liu, X.; Liu, F.; Xie, Y.; Yang, C.; Lin, T.; Gu, H.; Huang, F. Niobium Nitride Nb4N5 as a New
High-Performance Electrode Material for Supercapacitors. Adv. Sci. 2015, 2, 1500126. [CrossRef] [PubMed]

47. Wang, H.; Xu, Z.; Kohandehghan, A.; Li, Z.; Cui, K.; Tan, X.; Stephenson, T.J.; King’ondu, C.K.; Holt, C.M.B.;
et al. Interconnected carbon nanosheets derived from hemp for ultrafast supercapacitors with high energy.
ACS Nano. 2013, 7, 5153. [CrossRef] [PubMed]

48. Tian, W.; Gao, Q.; Tan, Y.; Yang, K.; Zhu, L.; Yang, C.; Zhang, H. Bio-inspired beehive-like hierarchical
nanoporous carbon derived from bamboo-based industrial by-product as a high performance supercapacitor
electrode material. J. Mater. Chem. A 2015, 3, 5656–5664. [CrossRef]

49. Zhang, W.; Zhao, M.; Liu, R.; Wang, X.; Lin, H. Hierarchical porous carbon derived from lignin for high
performance supercapacitor. Colloid Surface A 2014, 484, 518–527. [CrossRef]

50. Lei, Z.; Shi, F.; Lu, L. Incorporation of MnO2-Coated Carbon Nanotubes between Graphene Sheets as
Supercapacitor Electrode. ACS Appl. Mater. Int. 2012, 4, 1058–1064. [CrossRef] [PubMed]

51. Biswal, M.; Banerjee, A.; Deo, M.; Ogale, S. From dead leaves to high energy density supercapacitors.
Energy Environ. Sci. 2013, 6, 1249–1259. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jpowsour.2009.09.077
http://dx.doi.org/10.1039/C6TA01821A
http://dx.doi.org/10.1016/j.carbon.2012.12.085
http://dx.doi.org/10.1021/acs.jpcc.5b11280
http://dx.doi.org/10.1002/advs.201500126
http://www.ncbi.nlm.nih.gov/pubmed/27980920
http://dx.doi.org/10.1021/nn400731g
http://www.ncbi.nlm.nih.gov/pubmed/23651213
http://dx.doi.org/10.1039/C4TA06620K
http://dx.doi.org/10.1016/j.colsurfa.2015.08.030
http://dx.doi.org/10.1021/am2016848
http://www.ncbi.nlm.nih.gov/pubmed/22264121
http://dx.doi.org/10.1039/c3ee22325f
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Experimental 
	Preparation of ECNFs 
	Characterization of Lignin-Based Carbon Nanofibers 
	Electrochemical Measurements 


	Results and Discussion 
	Morphology 
	Chemical Properties and Pore Structure 
	Electrochemical Performance 

	Conclusions 
	References

